Introduction
Thyroid hormones (TH) 3.5.3'.5'-tetraiodothyronine (thyroxine-T4) and 3.3'.5-triiodothyronine (T3) are essential for brain development and maturation in foetal life and during the first two to three years after birth [1, 2] . It is now evident [3, 4] that TH deficiency in early foetal life (first two trimesters) and resulting disturbances in brain development are the consequences of insufficient transplacental passage mainly of T4 from pregnant woman. This is either the result of hypothyroidism, or iodine deficiency in pregnant women's diets. In the third trimester the thyroid gland of the foetus already secretes TH, but still almost 50% of TH present in the foetal blood stream is of pregnant mother's origin [3, 4] . Contrary to previous opinions that TH has no impact on a mature brain or that their significance is negligible, there is now good evidence [2] that throughout the life of a human being T4 and T3 significantly affect brain morphology through stimulation of myelination processes, glial cell proliferation, the development of synaptic connections, and finally their effects on dendrite and axonal "branching".
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Also, throughout the life of a human being thyroid hormones have an impact on the broadly understood brain activity and can modulate pathological processes occurring in the brain, including hyperplastic processes [5] [6] [7] . In recent years attention has been paid to the effect of thyroid hormones on the properties and activity of microglial cells [8] [9] [10] . These cells significantly affect defensive functions in the brain, but in the specific microenvironment formed by gliomas and particularly glioblastoma multiforme (GBM) their defensive properties can change and microglia begin to intensify and deepen the neoplastic process [10, 11] . It was suggested that the special microenvironment in GBM is in part affected by the action of transforming growth factor Beta [12] . The comprehensive effect of TGF-β in physiology and pathology was recently summarised [13] . The presence of thyroid hormones in the brain and their effect depends on numerous factors, including: -A normal or disturbed thyroid function and normal or altered levels of T4 and T3 hormones in blood serum. -Normal or disturbed concentrations and function of T4 and T3 transporting proteins through the blood-brain barrier and the cerebrospinal fluid (CSF), namely monocarboxylate transporters 8 and 10 (MCT8 and MCT10) and organic anion transporting polypeptide (OATP1 1), playing a role in the transport of T3 and T4 hormones to glial cells, astrocytes, and neurones. -Normal or disturbed concentrations and the activity of iodothyronine deiodinase of the second type (D2) and iodothyronine deiodinase activity of the third type (D3) in brain cells and tumours located in the central nervous system. -The presence of normal "wild-type" nuclear thyroid hormone receptors -A and B, namely THRA1, THRB1, and THRB2 in brain cells, or receptor isoforms, or their mutants in tumour cells located in the central nervous system, especially in GBM. -The signalling of T3 and T4 hormones through the interaction with the membrane integrin receptor αvβ3 in brain cells and tumour cells, especially GBM. Thyroid hormones, as well as controlling metabolic processes, affect proliferation, growth, differentiation of cells, and natural cell death (apoptosis). These mechanisms vary between different organs and depend on the period of human body development. All of these TH effects, however, are disturbed in the majority of types of neoplasms [14] [15] [16] .
The goal of this paper is to summarise the current knowledge of the alterations of thyroxine and triiodothyronine hormonal signalling in the most malignant brain tumour -glioblastoma multiforme (GBM). The second goal is to present the consequences of the most important genetic disturbances typical for GBM, such as uncontrolled proliferation of neoplastic cells, their cellular infiltration, inhibition of apoptosis, GBM hypoxia, and the development of pathological vascularisation. The final goal of this paper is to present and document the hypothesis that thyroid hormones and their signalling interact with classical pathogenic mechanisms of GBM on the molecular level. If it is so, it would means that TH signalling in fact affects both the formation and clinical course of GBM.
Systemic homeostasis of thyroid hormones and brain neoplastic diseases
Some recent review papers [15, 16] focusing on the participation of thyroid hormones and their receptors in neoplasm development and the course of neoplastic diseases gave evidence indicating that the current hyperthyroidism, or the past history of thyroid hyperactivity increase the risk of developing various neoplasms and affect the course of the developed neoplastic diseases. The heterogeneity of this phenomenon was also presented: in liver cancer, as opposed to other neoplastic diseases, hypothyroidism was a risk factor. In our own study concerning the concentration of thyroid hormones in the blood serum of patients with gliomas [17] , TSH and fT4 levels did not exceed normal limits while T3 levels were decreased, especially in the cases of gliosarcoma and glioblastoma multiforme. There is limited evidence concerning T3 and T4 levels in OUN, but the results of studies conducted to date [7] indicate that in adult individuals thyroid hormone concentrations in the brain are about five times lower than in blood serum. So far, apart from our own investigation [17] , no research has been performed to estimate thyroid hormone concentrations (levels) in gliomas and the surrounding cerebral tissue without any neoplastic changes.
In our own study [17] , T4 and T3 hormone levels measured in non-neoplastic cerebral tissue obtained during surgery served as reference values for the results obtained in the investigated gliomas. The mean level of T4 in astrocytoma (G II according to WHO grade) and anaplastic astrocytoma (G III) did not differ from the estimated level in the cerebral tissue without any neoplastic changes. The T4 level, however, was decreased in the surgically removed tumours, namely gliosarcoma (G-IV) and glioblastoma multiforme (G-IV). The total T3 level in tumour cells was decreased in all the patients with gliomas, particularly in those with GBM, and was well below the range found in non-neoplastic cerebral tissue. The significance of thyroid hormone levels in patients with GBM is indirectly confirmed by the studies [18] involving tamoxifen and prophylothiouracyl treatment in patients with glioblastoma. This treatment in all patients led to decreased levels of IGF-1. In about half of the patients the therapy led also to an increase of serum TSH levels and decrease of serum T4 typical for subclinical or very moderate hypothyroidism. The average lifespan of patients with hypothyroidism was about eight months longer compared with the group of patients who, despite treatment, still were in euthyroid state. The effect of thyroid hormone levels on patient survival was also confirmed in a patient with GBM located in the optic chiasm [19] . Such localisation of GBM is especially malignant. The administration of PTU and evoked hypothyroidism resulted in tumour shrinkage and clinical remission of symptoms for 2.5 years; the time between the diagnosis and the patient's death was prolonged to 4.5 years [19] . The results obtained from this study as well as those obtained from other studies indicate the significance of thyroid hormone levels in the development, course, and invasiveness of brain tumours, including the most malignant one: GBM [20] . The results of studies available in literature, especially these concerning hypothyroidism, suggest that also general homeostasis of thyroid hormones may affect the clinical course of GBM.
Transport of thyroid hormone from circulation to the brain
The passage of TH from blood serum to the brain is restricted by the blood-brain barrier (BBB) and bloodcerebrospinal fluid barrier (B-CSF). Now is well established that this transport depends mainly on the presence and activity of the specific thyroid hormone cell membrane transporters, MCT8, MCT10, and OATP1C1 [21] [22] [23] . These proteins are characterised by a higher affinity to T4 than to T3 [24] . Under experimental conditions, both thyroid hormones crossing the blood-brain barrier were mainly associated with MCT8 reaching the extracellular space in the brain, close to the capillaries. Next, T4 is transported to astrocytes and microglial cells, and this process is mediated by MCT8 and OATP1C1. The second transporter has high affinity to T4 and rT3, but does not bind T3. Recently, however, it was found that, contrary to rodent brain, in humans the presence of OATP1C1 is very limited, which is indicative of the dominant role of MCT8 protein [25, 26] . It cannot be excluded that the factors transporting organic ions, namely LAT1 and LAT2, also take part in the transport of thyroid hormones to the cells, since they have been identified both in astrocytes, neurons, and microglial cells [25, 27] . The significance of TH transporters was additionally emphasised based on the results obtained from mice deprived of genes for MCT8 and OATP1C1. These mice developed CNS function impairment similar, but not identical, to that observed in congenital hypothyroidism [27] . Transporter function disorders have not been identified so far in tumours located in the central nervous system, including gliomas; we should therefore assume that the transport of thyroid hormones to glial cells (including GBM cells) remains undisturbed.
Homeostasis of thyroid hormones in brain and its disorders in brain tumours -the role of iodothyronine deiodinases type 2 (D-2) and type 3 (D-3)
Brain cells are especially sensitive to thyroid hormone activity, which is manifested by maintaining their own thyroid hormone homeostasis, different from that present in other organs [28, 29] . Type 2 and 3 iodothyronine deiodinases play an important role in the formation of this homeostasis. Monodeiodination of thyroxine to triiodothyronine catalysed by D-2 occurs mainly in specialised glial cells named tanycytes, located in the hypothalamus, and in astrocytes, present in the entire brain [28] [29] [30] . In the brains of adult rats about 80% of T3 that is bound to specific nuclear receptors of thyroid hormones (THRs) is produced locally in the course of monodeiodination of T4 to T3 [29] . In the case of deficiency or a decreased activity of D-2, triiodothyronine bound to THR originate from the circulation, or THRs react with the hormone present in the cerebrospinal fluid after T4 deiodination in tanycytes [31, 32] . Although it is not certain, some data indicate [8, 33, 34] that THRs are absent in glial cells and that such receptors are mainly present in neurons. Due to paracrine signalling, T3 is transferred from astrocytes to neural cells, where the hormone binds to THRs [33] . THRs in turn react with the triiodothyronine response element (TRE) of genes sensitive to thyroid hormones and activate or inhibit the gene transcription process depending on whether the TRE is positive or negative [34, 35] . On the other hand, there is accumulating evidence that THRs are also present in intact glial cells and gliomas [10, 36] . T3 concentration in neurons, and thus hormone availability for THRs, is additionally regulated by D-3, which is present in these cells [37, 38] . This enzyme inactivates an excess of T3 and T4 through deiodination of T4 to reverse T3 (rT3) and T3 to T2 [31, 37] . The activity of D-2 and D-3 is disturbed in brain tumours, which has been confirmed both by the results of our own study [17] and by others [39, 40] . In our own study the levels of T4 in tumours were similar to those found in non-neoplastic tissues, and the levels of T3 were significantly decreased in GBMs, while the activity of D-2 and D-3 in tumours significantly increased [17] . The decreased level of T3 in GBM could have resulted from the decreased T4 level
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(substrate for deiodination reaction) or the changes in D-3 structure. In our own study on pituitary gland tumours and disturbed alternative splicing of genes for DI01 (gene coding D-1) and DI02 (gene coding D-2), the presence of isoforms of both deiodinases was identified [41] . It was also found [41] that these changes were due to the increased activity of splicing factors SF2/ASF. The role of alternative splicing in the pathology of the endocrine system have been summarised previously [42] .
The activity of thyroid hormones in the brain -the role of nuclear receptors
Nuclear receptors of thyroid hormones THRA1, THRB1, and the isoforms of these receptors are present in brain cells in humans from the 8th-10th weeks of foetal life [43, 44] . During this period, the presence of THRA1 prevails, particularly in the external part of the cerebral cortex and in the hypothalamus [43, 44] . From about the 15 th week of foetal life also THRB1 and THRB2 are detected in the developing brain. From the second trimester and then after birth and in adult life THRA1 constitutes about 70% of receptor protein in the brain while THRB1 constitutes 20% and THRB2 constitutes 10% of this protein in the brain [45] . The effect of thyroid hormones in every period of foetal life has been thoroughly investigated and discussed in recent years [1] [2] [3] [4] [5] [6] . This paper focuses only on such aspects of thyroid hormone activity and brain development that might affect, in future, the development of neoplasms, mainly gliomas. It is known [2) that throughout our entire life, both in foetal life and after birth, thyroid hormones stimulate the processes of myelination, proliferation of glial cells, axon formation and the "growth" (development) of dendrites and axons. We know that the thyroid gland develops at about 12-14 hbd of pregnancy, but the hormonal activity of the hypothalamus-pituitary gland and the formation of the hypothalamus-pituitarythyroid axis occur at about 20 hbd of foetal life [1] [2] [3] . Through the entire foetal life, particularly in the first two trimesters of pregnancy, normal development of the central nervous system (and the whole foetus) occurs almost entirely due to thyroid hormones originating from the pregnant mother [2, 3] . In the last trimester the participation of the thyroid hormones from the foetus covers about 50% of its needs [2] . It is still unknown in which particular moment of foetal life hormones are transferred from the mother's thyroid to the developing foetus. It is believed [2, 3] that the transfer starts soon after nesting of the inseminated ovum in the woman's uterus and ends at the moment of birth. On the other hand, the results of single studies suggest [1] that the transfer of TH begins at between 3 and 5 hbd of gestation The rise in thyroid hormone secretion, particularly thyroxine by the thyroid of pregnant women, requires a significant increase (additionally 150-200 ug iodine/ /day) in iodine supply [43] . In the initial period of foetal life, only about 25% of THRs present in the brain are occupied by T3. Free nuclear receptor THRs called aporeceptors play an important role in brain maturation, particularly in the period when T3 is still unavailable in the central nervous system [48] .
In 2000, data concerning the function and role of THRs in the human brain were published [49] , and in 2002 [50] the prospective role of THRs and triiodothyronine signalling in glioma pathogenesis was proposed for the first time. This was based mainly on the results of our own studies on THR gene expression and on the amount of receptor proteins in glioma cells, including glioblastoma multiforme [50] . The results indicated that both gene expression for THRs and the amount of receptor proteins encoded by these genes were disturbed in different ways in gliomas when compared with findings in non-neoplastic brain tissue of the same patients. In 2011 the disturbances of thyroid hormone nuclear receptor expression were confirmed in a study based on glioma cell lines [36] . The changes in THRA and THRB or mutated receptors can alter the mechanism and consequences of the their interaction with the TRE of genes sensitive to thyroid hormones. These changes can also affect the protein-protein interaction (e.g. THRA-P-53), especially in neoplastic cells. Moreover, mutated THRB1 loses its suppressor functions [51] .
Thyroid hormones in the brain -non-genomic TH signalling and the role of integrin membrane receptor αVβ3
In 2003 a study on knockout mice with no THRs clearly showed [52] that disturbances in brain development in these animals differed from those occurring in thyroiddeprived mice, and that it can be partly relieved after thyroxine administration. Further studies showed that an effect similar to that of T4 can be evoked by administration of rT3, previously considered an inactive product of T4 monodeiodination catalysed on the periphery by D-1 and in the brain by D3. At present it is believed that only D-2 and D-3 are present in the brain [3, 5] . Thus, part of the rT3 present in the brain probably originated from the circulation and organs containing D1. During the following years a hypothesis was forwarded that thyroxine can act by means of a non-genomic mechanism, mainly through the activation of actin polymerisation [53] . It has been found that in hypothyroidism only 40-60% of actin is polymerised, and this in turn leads to disturbances in the development and function of the cellular skeleton and microfilaments [53] . Administration of T4 or rT3 to such animals resulted in normalisation of polymerisation after 10-20 minutes, but had no effect on the total content of actin in cells [53] . This was indirect evidence for a non-genomic mechanism of T4 activity. However, the real breakthrough, which turned out to be important not only for knowledge about the activity of hormones in the brain, but also for understanding the "mechanism of developing neoplasms" (including gliomas), came from a study on the role the membrane integrin receptor αVβ3 in TH signalling [54] . This receptor is also present and active in neurons [55] . It has two thyroid hormone binding sites. The S1 binding site reacts only with T3 and as a consequence of this reaction it activates PI3K signalling pathway [56] . In neoplastic cells this signalling pathway is also activated by THRA and THRB, affects the proliferation and growth of cells, and is an inhibitor of apoptosis [57] . On the other hand, the PI3K pathway affects expression of hypoxia-inducible factor -1 alpha subunit -HIF1 and in neoplastic cells would affects angiogenesis, cellular adaptation to hypoxia, and may also increase cell invasion and metastasis [58] . The S2 binding site mainly binds T4, although it can bind T3 with a very low affinity. S2-T4 interaction activates mitogen-activated protein kinase -ERK1/2 pathway (extracellular signal-regulated 1/2 kinase), and this pathway in turn activates a gene for fibroblast growth factor 2 (FGF2) and promotes angiogenesis [57] . In studies on cellular lines of gliomas, the interaction between thyroid hormones and integrin receptor αvβ3 resulted in glioma growth [7] . The effects of thyroid hormone activity via interactions with integrin receptor can be blocked or even "reversed" by the application of thyroxine deaminated metabolite TRAK. The studies conducted to date indicate that this metabolite blocks alfavBeta3 receptor reactions, both with T3 and with T4, and consequently blocks vascular endothelial growth factor (VEGF) as well as the activity of basic fibroblast growth factor (bFGF) and, finally, decreases EGFR gene transcription [60, 61] . The role of thyroid hormones in GBM (as previously mentioned) is also confirmed by the fact that pharmacologically evoked hypothyroidism led to more than two-year regression of GBM located in the optic chiasm and significantly prolonged the patient's life [19] . A significant life prolongation was also obtained in a group of patients after PTU administration, which seems to confirm the effect of thyroid hormones on the course of GBM [18] . The reduction of thyroid hormone levels to a lower range of the normal values (the socalled euthyroid hypothyroxinaemia) by Methimazole administration, combined with the administration of low doses of thyroxine, also prolonged some patients' lifespan during the final stage of neoplastic diseases of the brain, lungs, pancreas, breast, salivary glands, or soft tissue sarcomas; this finding is confirmed by the more generalised effect of thyroid hormones on the development and course of neoplastic diseases [20] .
Between 2010 and 2015, experimental and clinical studies showed a number of genetic and epigenetic disturbances, leading to the development of GBM and to different but always unfavourable clinical courses in humans [62] [63] [64] [65] [66] . It is now generally recognised that in addition to these factors the development and clinical course of GBM, as well as resistance to radiation and pharmacological therapy, depend also on hypoxia, a peculiar role played by micro-glia [68, 69] , and by the presence of glioblastoma stem cells (GBMSCs) called also cancer stem cells (CSCs) [70, 71] . It was therefore assumed that in order to optimise diagnostic and therapeutic procedures as well as likely prognosis it would be justifiable to refer to, on the one hand, the fundamental GBM division into primary and secondary GBM [72] , and on the other hand, the four defined GBM subtypes, namely: proneural, neural, classic, and mesenchymal [73] . It was hoped that such division would enable the development of personalised forms of treatment. In recent years several biological substances have been developed and tested to block pro-proliferative and growth signals, block factors contributing to GBM vascularisation, and to reset blocked neoplastic cell apoptosis. The meta-analysis of the trials conducted thus far involving biological treatment [64] have clearly indicated that, despite all the tested medications from this group showing the expected effect under in vitro conditions or on glioma cell lines, they all failed in clinical trials. This seems to suggest that there might be some additional pathogenic factor that plays a role in the pathogenesis of GBM. The hypothesis presented below assumes that thyroid hormone signalling alteration in patients with GBM is this additional factor.
Although the number of genetic and epigenetic alterations in GBM is growing every year the role of a few signalling pathways are generally approved as the most important for the development and clinical course of GBM: EGFR/PTEN/Akt/mTOR pathway, TP53/MDM2/p14 ARF pathway, P16/RB1 pathway, and the pathway dependent on gene mutation for isocitrate dehydrogenase (IDH) [62, 64, 72, 74] .
Endothelial growth factor receptor (EGFR) belongs to the group of tyrosine kinase activity receptors. Disturbances of this pathway occur in about 60% of patients with primary glioblastoma multiforme and in at least 10% of patients with secondary GBM. They are mainly dependent on the effects of EGFR amplification, (multiplication of the number of its copies), and in some rare cases the effects of EGFR mutations. Such
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mutations, if present, concern several axons encoding a part of the extracellular domain, and are detected relatively rarely, but lead to significant signal disturbances. The EGFR (EGFR-vIII) mutant does not bind the ligand, but it is subject to continuous uncontrolled hyperactivation. Excessive EGFR activation causes accumulation of phosphatidylinositol 3-kinases (PI3K) in the cell membrane. PI3K belongs to the family of lipid kinases that phosphorylate phosphatidylinositol hydroxyl groups. PI3K is activated by EGFR phosphorylate phosphatidynositol-4.5-biphosphate (PIP2) to phosphatidynoinositol-3-phosphate (PIP3). In addition to the EGFR-dependent PI3K activation, the PI3K mutants were found in GBM cells. PI3K mutants are strong stimulants of PIP 3 generation and may show some resistance to PTEN suppressor activity. PIP-3, in turn, activates effector proteins, namely protein B kinase, also called serine-threonine protein kinase (AKT/ /PKB) and mammalian target of rapamycin (mTOR). The high activity of both AKT/PBK and mTOR stimulates glioma cell proliferation, inhibiting at the same time the apoptosis phenomenon. Additionally, silencing or mutating phosphate and tensin homolog deleted on the chromosome 10 (PTEN) gene, characteristic for primary GBM, plays an important role in pro-neoplastic activity of the "activated EGFR signal pathway" [72] . PTEN is phosphatidylinositol phosphatase and acts as a PI3K antagonist, and as a result, through PIP3 inhibition, it inhibits Akt/PKB and mTOR activity. PTEN belongs to suppressor factors and causes reduction of the pro-proliferative effect in glioblastoma multiforme cells, activating apoptosis process [73] .
Thyroid hormones affect gene expression for EGFR since they belongs to genes whose transcription depends on triiodothyronin and contains positive TRE. The activity of the "wild-type", and of even more active mutated THRA1 in GBM, may thus strongly stimulate this gene transcription and EGFR protein formation. However, there is no proof that THRA or THRB mutants are present in GBM cells. Such a possibility is currently only supported by the fact that such mutants were found in some cancers and THRB mutants lost their suppressive function and instead possessed the ability to excessively express T3-dependent genes [14, 15, 51] . The effect of thyroid hormone on PI3K activity was also documented. In the non-genomic mechanism, triiodothyronine and thyroxine, through binding to integrin receptor, activate PI3K, evoke a proliferative effect, and inhibit apoptosis [54, 59] . Given these facts, there is no doubt that regardless of EGFR natural ligands, namely epidermal growth factor (EGF), tumour growth factor alpha (TGF-α), and tumour growth factor beta (TGF-β), thyroid hormones can be powerful stimulants of EGFR signal pathway activity.
The TP53/MDM2/p14 ARF pathway plays an important role in the tumorigenesis of secondary GBM formation and the secondary course of GBM. Disturbances of this signalling pathway are present in more than 60% of patients with this type of glioma and in fewer than 30% of primary GBM cases [72] . TP53 protein plays an important role in the regulation of multiple processes: repair of damaged DNA, apoptosis, and/or the development of new vessels. However, regulation of the cellular cycle is the most important process affecting TP53. In the case of secondary GBM, about 55% of TP53 is subject to mutations concerning 248 and 273 codons. The TP53 is coupled with MDM2 protein, which, binding to TP53 reciprocally, inhibits TP53 activity and its capability of stimulating the transcription process. MDM2 gene transcription, in turn, is activated by TP53. Additionally, particularly in neoplastic cells, p14
ARF protein expression has an inhibiting effect on TP53 activity.
The effect of thyroid hormone on TP53 activity can be direct and indirect. Inhibition of TP53 activity is the consequence of the direct interaction between receptor proteins for thyroid hormone (THRs) and TP53 protein [75] . The indirect mechanism of TP53 inhibition depends on the presence of two positive TREs in the gene promoter for MDM2 [76] . The triiodothyroninedependent overexpression of the MDM gene and the resulting activation of this protein lead to TP53 inhibition and, as a result, stimulate transition of GBM cells from division phase G1 to S phase. The increased amount of MDM2 protein due to TH activity can, regardless of TP53, activate promoters of E2F1 genes and cyclin A (by acting on MDM2-protein Rb) and eliminate the Rb effect on cellular cycle inhibition in the G1 phase [76, 77] .
Signalling pathway P16
INK4a
/RB1 is important for the proliferation process because RB1 protein, similar to TP53 protein, regulates the cellular cycle controlling the transition from G1 phase to S phase. Disturbances of this pathway occur both in the primary and secondary GBM [77, 78] and involve P16
INK4a deletion and methylation of the RB1 gene (the gene for retinoblastoma) promoter. Methylation of the RB1 gene is mainly typical for secondary glioma; in primary glioma it occurs only in about 14% of cases [74] . The cyclin D1-CDK4 (cyclin-dependent kinase 4) complex phosphorylates RB1protein, leading to the release of E2F transcription factor, which in turn activates genes participating in the cellular cycle and its transition from G1 phase to S phase. P16
INK4a protein, binding to CDK4 cyclin, activates cyclin D1-CDK4 complex, inhibiting transition from G1 cycle to S phase [77] .
Thyroid hormones have a direct effect on the signalling pathway as the gene for E2F, encoding E2F protein has negative TRE, reacting both with THRA1 and THRB1 [79] . In this way the THRs complex bound to T3 leads to transcription inhibition in gene for E2F and the resulting inhibition of transition from G1 phase to S phase [80] .
Isocitrate dehydrogenase (IDH) and the products of its mutated gene have been for many years regarded as an important factor leading to the development of glioblastoma GBM [79] . Mutations in this protein gene are mainly typical for secondary GBM and occur in 70-80% of patients, but are also present in about 5% of primary GBM cases [81] [82] [83] . IDH protein is present in three basic isoforms: IDH1, IDH2, and IDH3, but the last isoform has not been identified in GBM [84] . The IDH1 isoform is present in cytosol while the IDH2 isoform is present in the mitochondria [83] . When the non-mutated, "wild type" IDH1 is present it stimulates isocitrate oxidative decarboxylation to α-ketoglutarate (α-KG) and reduces NADP + to NADPH (nicotinamide adenine dinucleotide). The IDH1 mutant, in turn, can have a limited capability of stimulating oxidative decarboxylation, which can lead to limitation of α-KG formation [81] . This change subsequently leads to a decrease in proline dehydrogenase activity, which, despite the lack of glial hypoxia, enhances the activity of the transcription factor induced in HIF-1 (hypoxia inducible factor) hypoxia [85] .
The increased HIF1 activity results in oncogene activation, reduced expression and activity of suppressor genes and an increase in metalloproteinase activity, extracellular matrix, and release of cellular growth factors. Moreover, an increased HIF1 activity may enhance the process of angiogenesis [85] . It is believed that these disturbances of IDH1 signalling pathway may be important for the early stages of secondary glioblastoma formation, as well as for the development of the primary GBM tumour [81, 86] . Another consequence of the presence of IDH mutant may involve the limitation of cellular differentiation process and a simultaneous increase of its proliferation [83] . Finally, HIF significantly enhances proliferation and angiogenesis processes in glioblastoma cells [83, 85] . Besides, IDH1 and IDH2 mutants can alter cellular energy metabolism. Under normal activity conditions, IDH1 and IDH2 catalyse reversible isocitrate to α-ketoglutarate. The reciprocal relationship between these two substances is determined by the energy state of the cell. IDH mutants may also stimulate α-KG conversions to 2 hydroxy glutarate (2HG). Excess of 2HG activates HIF1 and disturbs the process of DNA histone methylation in glioblastoma cells [84] .
Thyroid hormones, indirectly through PI3K stimulation, through genome, or by the membrane integrin receptor, are stimulators of the transcription factor activity induced by HIF-1-originated hypoxia, which enables synthesis of the proteins required for further neoplasm progression.
Summary
In this paper the effects of thyroid hormones signalling on the brain and on the most lethal brain tumour -glioblastoma multiforme -were presented and discussed. In addition, the most important genetic alterations identified in GBM and their effects upon cellular gene-related signalling pathways were also summarised. Both genetic and pathological signalling are generally considered to be important for the development and course of glioblastoma multiforme [62, [64] [65] [66] [67] 77] . It was also documented that the disturbances in the thyroid hormone signalling may activate growth and proliferation of neoplastic cells, and would inhibit processes of differentiation and apoptosis [7, 14, 15, 17, 50, 51, 54, 56] . In addition, some evidence indicates [59, 60] that thyroid hormones directly and indirectly stimulate the process of angiogenesis in GBM. Furthermore, studies documenting the effect of thyroid hormones on microglia growth and its important functions, such as migrations, mobility, and phagocytic ability of microglia, were also shown [8, 10] . All these data and the results of other studies [66, 71-76, 79, 81, 87, 88] strongly suggest the direct and indirect effect of both thyroxine and triiodothyronine on the pathogenesis of glioblastoma multiforme. Moreover, it is known that resistance to the radiation and anti-GBM therapy, besides aggressiveness of GBM, are important factors further limiting the lifespan of patients with GBM. Recently, P-glycoprotein, also called multidrug resistance protein-P (MDR1), was found in normal cells and particularly in some neoplastic cells, and was suggested to be responsible for the failure of pharmacological treatment. Thyroid hormones were shown to stimulate transcription of the gene for this protein and to affect its activity through integrin receptor [89] . What seems to be most important is the evidence showing that TH signalling can potentiate the EGFR/PTEN/Akt/mTOR pathway, the TP53/MDM2/p14 ARF pathway, the P16/ /RB1 pathway, and the pathway dependent on gene mutation for isocitrate dehydrogenase (IDH) -the signalling generally accepted for the development and clinical course of GBM.
Assuming that the hypothesis of the role of thyroid hormones in GBM pathogenesis would be accepted, it has to be recognised that complex, extensive studies must be performed to sort out several unknowns. First, functional studies of THRA and THRB in GBM are badly needed. The results of prospective studies on the effect of thyroid hormones on GBM-disturbed epigenetic processes would also be important [11, 63, 69] , as well as studies on the effect of hormones on GBM stem cells [68, 70] . The numerous facts presented in this paper were based on studies of GBM samples or cell
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lines derived from GBM. Regardless of some unknowns and taking to the account the current knowledge, we should accept the role of thyroid hormones in glioblastoma multiforme pathogenesis. Moreover, we should realise that participation of TH in GBM pathology can have a practical dimension. Reduction of TH levels in blood serum prolonged the remission and lifespan in patients with glioblastoma multiforme; generally the patients' lifespan is extremely short in GBM [18, 19] . The local application of T4 -TRAK metabolite (tetraiodothyroacetic acid) in studies conducted in vitro and on cell lines inhibited glial cell proliferation and activity of vascular endothelial growth factor (VEGF), an important stimulator of neo-angiogenesis in oncology [88] . At the same time, TRAK enhanced the apoptosis process [60] . The current state of knowledge gives us some hope that soon it might be possible to prolong the life of patients with GBM. Some hopes might be also connected with studies that are being carried out on introducing "wild type" normal THRB to the neoplasm.
Conclusions
Thyroid hormones affect the pathogenesis and the course of glioblastoma multiforme, although numerous further studies are required to solve the remaining unknowns. Nevertheless, the practical application of knowledge concerning the role of TH signalling in GBM is likely to be possible soon.
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dendrytów i aksonów [2] . Również przez całe życie TH mają wpływ na szeroko pojętą czynność mózgu, a również mogą modulować zachodzące w nim procesy patologiczne w tym rozrostowe [5] [6] [7] . W ostatnich latach zwrócono uwagę na wpływ TH na właściwości i czynność komórek mikrogleju [8] [9] [10] . Komórki te w istotny sposób wpływają na funkcje obronne w mózgu, ale w określonym mikro-środowisku tworzonym między innymi przez komórki glejaka, a zwłaszcza komórki glejaka wielopostaciowego (GBM, glioblastoma multiforme) ich właściwości obronne mogą ulec zmianie i mikroglej zaczyna nasilać proces nowotworowy [10, 11] . Zasugerowano, że charakterystyczne mikrośrodowisko GBM powstaje w wyniku działania transformującego czynnika wzrostu beta 1 (TGF-β1) [12] . Złożone mechanizmy działania TGF-β1 w stanie fizjologii i patologii ostatnio szczegółowo omówiono [13] .
Obecność hormonów tarczycy w mózgu i efekt ich działania zależy od wielu czynników, a mianowicie: -prawidłowej lub zaburzonej funkcji tarczycy i prawidłowego lub zmienionego stężenia T4 i T3 w surowicy krwi; -prawidłowego lub zaburzonego stężenia i czynności białek transportujących T4 i T3 przez barierę krew-mózg i krew-płyn mózgowo-rdzeniowy, a więc MCT8 i MCT10 (monocarboxylate transporters 8 and 10), OATP1 (organic anion transporting polypeptide 1) odgrywających rolę w transporcie T3 i T4 do komórek gleju, astrocytów i neuronów; -prawidłowego lub zaburzonego stężenia i aktywności jodotyroninowej dejodynazy typu drugiego (D-2) i jodotyroninowej dejodynazy typu trzeciego (D3) w komórkach mózgu i w guzach OUN; -obecności prawidłowych, "dzikich" receptorów jądrowych hormonów tarczycy THRA1, THRB1 i THRB2 (thyroid hormones receptors A and B) w komórkach mózgu lub izoform receptorów czy ich mutantów w komórkach guzów OUN zwłaszcza w GBM; -działania T3 i T4 przez interakcję z błonowym receptorem integrynowym αvβ3 w komórkach mózgu i w guzach zwłaszcza w GBM. Hormony tarczycy poza kontrolą procesów metabolicznych wpływają na proliferację i wzrost komórek, różnicowanie komórek i zjawisko naturalnej śmierci komórek. Te mechanizmy działania są zróżnicowane narządowo i zależne od okresu rozwojowego organizmu. Zaburzenia tych efektów działania TH są charakterystyczne dla wszystkich rodzajów nowotworów [14] [15] [16] .
Celem niniejszego opracowania jest z jednej strony podsumowanie aktualnej wiedzy dotyczącej zaburzeń sygnału hormonalnego tyroksyny i trijodotyroniny przede wszystkim w najbardziej złośliwym nowotworze mózgu jakim jest glejak wielopostaciowy, a z drugiej porównanie następstw najważniejszych zaburzeń genetycznych typowych dla GBM jakimi są niekontrolowana proliferacja komórek nowotworowych, ich komórkowe naciekanie, zahamowanie apoptozy, niedotlenienie GBM i rozwój patologicznego unaczynienia. Ostatecznym celem niniejszej pracy było przedstawienie i udokumentowanie hipotezy o molekularnym współudziale hormonów tarczycy z klasycznymi mechanizmami patogenetycznymi GBM.
Ogólnoustrojowa homeostaza hormonów tarczycy a choroby nowotworowe mózgu
W pracach poglądowych dotyczących udziału hormonów tarczycy i ich receptorów w nowotworzeniu i przebiegu chorób nowotworowych [15, 16] przedstawiono wyniki badań wskazujące, że aktualna hypertyreoza lub przebyta w przeszłości nadczynność tarczycy zwiększa ryzyko pojawienia się u człowieka różnych nowotworów i wpływa na ich przebieg. Przedstawiono również heterogenność tego zjawiska, a mianowicie w raku wątroby w odróżnieniu od innych nowotworów czynnikiem ryzyka była niedoczynność tarczycy. W pracy własnej dotyczącej stężenia hormonów tarczycy u chorych z glejakami [17] stężenia TSH i fT4 nie odbiegały od granic przyjętych wartości referencyjnych, natomiast stężenie T3 było obniżone, szczególnie w gliosarcoma i GBM. Z przeprowadzonych badań wiadomo [7] , że u dorosłych ludzi stężenie TH w mózgu jest około 5-krotnie niższe niż w surowicy krwi. Dotychczas, poza pracą własną [17] , nie przeprowadzono badań nad stężeniem TH w glejakach i niezmienionej nowotworowo tkance mózgu. W badaniach własnych [17] stężenia T4 i T3 w tkance mózgowej nienowotworowej uznano za granice "normy ", do których odnoszono wyniki badań w komórkach glejaków, brak bowiem uznanych norm w piśmiennictwie (oczywista niedostępność materiału do badań). Średnie stężenie T4 w astrocytoma (G II wg klasyfikacji WHO) i anaplastic astrocytoma (G III) nie różniło się od oznaczanego w niezmienionej nowotworowo tkance mózgowej. Stężenie T4 było natomiast obniżone w operowanych gliosarcoma (G-IV) i GBM (G-IV). Stężenie całkowitej T3 w surowicy krwi było obniżone u wszystkich chorych z glejakami, a zwłaszcza u chorych z GBM i mieściło się w granicach poniżej wartości referencyjnej stwierdzanej w zdrowej tkance mózgowej. Pośrednio znaczenie stężenia hormonów tarczycy u chorych z GBM potwierdzają badania [19] , w których chorych z tym nowotworem poddano leczeniu za pomocą Tamoxifenu i Prophylothiouracylu. U połowy tak leczonych wystąpiły objawy niedoczynności tarczycy, a u wszystkich obniżeniu uległo stęże-nie IGF-1. Średni czas przeżycia chorych, u których wystąpiła niedoczynność tarczycy był dłuższy o około 8 miesięcy w porównaniu z grupą chorych, którzy mimo leczenia pozostali w eutyreozie. Pozytywny wpływ obniżenia stężenia hormonów tarczycy za pomocą PTU potwierdzono w innym przypadku, mianowicie u chorego z GBM umiejscowionym w skrzyżowaniu nerwów ocznych. Guzy takie mają złośliwy przebieg i krótki czas przeżycia. Podanie PTU i wywołanie niedoczynności tarczycy wywołało zmniejszenie guza i kliniczną remisję przez 2,5 roku, a czas przeżycia od rozpoznania do zgonu wydłużył się do 4,5 roku [19] . Wyniki badań uzyskanych w tej pracy i w badaniach innych wskazują na znaczenie stężenia hormonów tarczycy w rozwoju, przebiegu i inwazyjności choroby nowotworowej mózgu, w tym najbardziej złośliwego glejaka [20] . Dostępne w piśmiennictwie wyniki badań, a zwłaszcza wpływ niedoczynności tarczycy, mogą sugerować, że ogólna homeostaza hormonów tarczycy wpływa na przebieg kliniczny GBM.
Transport hormonów tarczycy z krwiobiegu do mózgu
Obecnie wiadomo, że transport T4 i T3 z krwiobiegu do mózgu ma charakter aktywny i zależy przede wszystkim od obecności i aktywności błonowych, specyficznych dla TH białek transportujących MCT8, MCT10 i OATP1C1 [21] [22] [23] . Białka te mają większe powinowactwo do T4 niż do T3 [24] . W warunkach doświadczalnych oba hormony tarczycy przekraczają granicę bariery krew-mózg głównie związane z MCT8, dostając się do przestrzeni pozakomórkowej mózgu bliskiej naczyniom kapilarnym. Następnie T4 jest transportowana do astrocytów i komórek mikro-gleju za pośrednictwem zarówno MCT8, jak i OATP1C1. Ten drugi transporter ma powinowactwo do T4 i rT3, natomiast nie wiąże T3. W ostatnim czasie stwierdzono jednak, że u człowieka w barierze krew-mózg, w odróżnieniu od sytuacji w mózgu gryzoni, obecność transportera OATP1C1 jest bardzo ograniczona co oznacza, że dominującą rolę odgrywa białko MCT8 [25, 26] . Nie można wykluczyć, że w transporcie hormonów tarczycy do komórek biorą również udział czynniki transportujące organiczne jony LAT1 i LAT2, ponieważ zidentyfikowano je zarówno w astrocytach, jak i w neuronach i w komórkach mikro-gleju [25, 27] . Znaczenie transporterów TH zostało dodatkowo podkreślone przez wyniki badań u myszy pozbawionych genów dla MCT8 i OATP1C1. Myszy te rozwijały upośledzenie funkcji OUN podobne, choć nie identyczne, jak we wrodzonej niedoczynności tarczycy [27] . Zaburzeń funkcji transporterów jak dotąd nie zidentyfikowano w guzach OUN, a w tym i glejakach. Trzeba więc założyć, że transport TH do komórek glejaka pozostaje niezaburzony.
Homeostaza hormonów tarczycy w mózgu i jej zaburzenia w guzach mózgu -rola jodotyroninowych dejodynaz typu 2 i typu 3
Komórki mózgu można zaliczyć do szczególnie wrażli-wych na działanie hormonów tarczycy, co manifestuje się między innymi utrzymywaniem własnej, odmiennej od innych narządów homeostazy hormonów tarczycy [28, 29] . Istotną rolę w tworzeniu tej homeostazy odgrywają jodotyroninowe dejodynazy typu 2 i 3. Głównymi komórkami mózgu, w których ma miejsce monodejodynacja tyroksyny do trijodotyroniny są zlokalizowane głównie w podwzgórzu w komórkach gleju -tanocyty i znajdujące się w całym mózgu astrocyty [28] [29] [30] . Znacząca część transportowanej do tanocytów i astrocytów tyroksyny jest odjodowywana do trijodotyroniny. W mózgu dorosłych szczurów około 80% T3 wiążącej się z jądrowymi receptorami hormonów tarczycy (THRs) powstaje w przebiegu lokalnej monodejodynacji T4 do T3 [29] . W przypadku niedoboru lub obniżonej aktywności D-2 receptory jądrowe (THRs) wiążą T3 pochodzącą z krwiobiegu lub z hormonem znajdującym się w płynie mózgowo-rdzeniowym po dejodynacji T4 w tanocytach [31, 32] . Aczkolwiek nie jest to ostatecznie przesądzone to część danych wskazuje, że w komórkach gleju nie ma receptorów jądrowych hormonów tarczycy i że znajdują się one przede wszystkim w neuronach [8, 33, 34] . W wyniku działania sygnałów parakrynnych T3 jest przenoszona z astrocytów do komórek neuronalnych i tam dopiero wiąże się z THRs [33] , które z kolei poprzez oddziaływanie z TRE (triiodothyronine response element) genów wrażliwych na TH aktywują lub hamują proces transkrypcji genów [34, 35] . Jednak ostatnio przedstawiane są dowody, że TRs są również obecne w komórkach gleju i w glejakach [10, 36] . Stężenie T3 w komórkach nerwowych i co za tym idzie dostępność hormonu dla THRs jest dodatkowo regulowana przez znajdującą się w neuronach D-3 [37, 38] . Enzym ten inaktywuje nadmiar T3 i T4 poprzez dejodynację T4 do reverse T3 (rT3) i T3 do T2 [31, 35] . Aktywność D-2 i D-3 jest zaburzona w guzach mózgu, co stwierdzono zarówno w badaniach własnych (17) , jak i w badaniach innych [39, 40] . W badaniach własnych stężenia T4 w guzach były bliskie do stwierdzanych w tkance nienowotworowej, a stężenia T3 były w GBMs obniżone, natomiast aktywność D-2 i D-3 w guzach była znaczą-co podwyższona [17] . Obniżone stężenie T3 w GBM mogło być również następstwem obniżonego stężenia T4 (substratu dla reakcji odjodowania) bądź zmian w strukturze D-3. W badaniach własnych dotyczących
